The electromagnetic form factors of the spin-3/2 Ω baryons, namely Ω, Ω * c , Ω * cc and Ωccc, are calculated in full QCD on 32 3 × 64 PACS-CS lattices with a pion mass of 156(9) MeV. The electric charge radii and magnetic moments from the E0 and M 1 multipole form factors are extracted. Results for the electric quadrupole form factors, E2, are also given. Quark sector contributions are computed individually for each observable and then combined to obtain the baryon properties. We find that the charm quark contributions are systematically smaller than the strange-quark contributions in the case of the charge radii and magnetic moments. E2 moments of the Ω * cc and Ωccc provide a statistically significant data to conclude that their electric charge distributions are deformed to an oblate shape. Properties of the spin-1/2 Ωc and Ωcc baryons are also computed and a thorough comparison is given. This complete study gives valuable hints about the heavy-quark dynamics in charmed hadrons.
I. INTRODUCTION
Since the discovery of the proton's internal structure, form factors have been the tools to investigate the inner structure of hadrons. One of the intriguing properties of hadrons is their electromagnetic structure, such as their charge radii and magnetic moments. There have been enormous efforts to determine the electromagnetic form factors both experimentally and theoretically. On the theoretical side, lattice QCD is a widely used firstprinciples calculation framework to study these form factors. Main challenges for the lattice QCD form factor calculations have been the pseudoscalar/vector-meson states and the nucleon (see [1] for a review) with only recent works probing the octet [2] [3] [4] and decuplet sectors [5] [6] [7] . Improvement in our understanding of the light hadron electromagnetic structure makes it timely to study the heavy-flavor hadrons further. Comparison of the two sectors would reveal differences in the quark-gluon dynamics of heavy flavors. We have recently examined the internal structure and the quark dynamics of the hadrons that contain at least one charm quark using lattice QCD. Initially in the meson sector, we found that the electric charge radii and the magnetic moments of the D and D * mesons to be smaller [8] as compared to those of the π and ρ mesons. An investigation of the quark contributions revealed that the decrease is mainly due to the smallness of the charm-quark contributions to the observables. In this same vein, we extended our calculations to the spin-1/2 light-charmed and strange-charmed baryons. We observed a similar behavior in the internal structure caused by the heavy charm quark [9, 10] . Finally, we made a lattice study of the experimentally observed Ω * c 3 2
+ γ radiative transition and estimated its lifetime [11] . In this work, our aim is to broaden our perspective by including the elastic electromagnetic form factors of the J = The electromagnetic transition matrix element for the spin-3/2 baryons can be written as
where p(s) and p (s ) denote the four momentum (spin) of the initial and final states, respectively. M B is the mass of the baryon, E (E ) is the energy of the incoming (outgoing) baryon state and u α (p, s) is the baryon spinor in the Rarita-Schwinger formalism. The tensor in Eq. (1) can be written in a Lorentz-covariant form as [12] 
where P = p + p and q = p − p. The multipole form factors are defined in terms of the covariant vertex functions a 1 , a 2 , c 1 and c 2 as,
with τ = −q 2 /(2M B ) 2 . These multipole form factors are referred to as electric-charge (E0), electric-quadrupole (E2), magnetic-dipole (M 1) and magnetic-octupole (M3) multipole form factors.
The two-and three-point correlation functions for spin-3/2 baryons are defined as, 
G 
with the spin projection matrices
where σ i are the Pauli spin matrices, α, β denote the Dirac indices and σ, τ are the Lorentz indices of the spin-3/2 interpolating fields. The baryon interpolating fields are chosen, similarly to those of Delta baryon as
where i, j, k denote the color indices and C = γ 4 γ 2 . q 1 , q 2 , q 3 are the quark flavors and chosen as (q 1 , q 2 , q 3 ) ={(s, s, s), (s, s, c), (s, c, c), (c, c, c)} for Ω, Ω * c , Ω * cc and Ω ccc baryons, respectively. It has been shown in Refs. [5, 13] that the interpolating field in Eq. (10) has minimal overlap with spin-1/2 states and therefore spin-3/2 projection is not necessary.
Inserting a complete set of eigenstates (7) and (8) and taking the large Euclidean time limit, t 2 − t 1 and t 1 a, correlation functions reduce to
where the trace acts in the Dirac space, the Z B (p) is the overlap factor of the interpolating field to the corresponding baryon state and Λ στ is the Rarita-Schwinger spin sum for the spin-3/2 field in Euclidean space, defined as
To extract the multipole form factors we consider the following ratio of the correlation functions given in Eqs. (7) and (8),
Note that there is no sum over the repeated indices.
where i = 1, 2, 3 and q i are the momentum vectors in three spatial directions. In case of the E2 form factor, it is possible to exploit the symmetry,
and define an average
in order to decrease the statistical noise in G E2 . With the above definitions, G E2 form factor can be rewritten as
We consider an average over momentum directions for both E0 and E2 form factors. In case of the M 1 form factor, we make a redefinition to utilise all possible index combinations in order to improve the signal. Sum of all correlation-function ratios for M 1 is written as
Compared to the dominant form factors E0 and M 1 we have observed that the data for the E2 and M 3 form factor is much noisier. It turns out that with the limited number of gauge configurations we have at the smallest quark mass, the data for M 3 moments are too noisy to allow a statistically significant value. Thus, we omit the M 3 form factor in this work and extract only the E0, M 1 and E2 form factors for the lowest allowed lattice momentum transfer.
It is possible that the higher order form factors in the expansion interfere with the leading and sub-leading form factors that we consider. Although a dedicated study would be needed to have a strong conclusion we note that the agreement between the results obtained from different lattice formulations of Ref. [5] and Ref. [7] suggests that the interference effects are minimal.
B. Lattice setup
We have run our simulations on gauge configurations generated by PACS-CS collaboration [14] with the nonperturbatively O(a)-improved Wilson quark action and the Iwasaki gauge action. The details of the gauge configurations are given in Table I . The simulations are carried out with near physical u,d sea quarks of hopping parameter κ u,d = 0.13781. This corresponds to a pion mass of approximately 156 MeV [14] . The hopping parameter for the sea s quark is fixed to κ s sea = 0.13640 and the hopping parameter for the valence s-quark is taken to be the same. [14] . We list the number of flavors (N f ), the lattice spacing (a), the lattice size (L), inverse gauge coupling (β), clover coefficient (cSW ), number of gauge configurations employed (Ngc) and the corresponding pion mass (mπ). For the charm quarks, we employ the Clover action and use the hopping parameter value, κ c = 0.1246, which we have determined in our previous work [10] . In order to tune the hopping parameter we apply the Fermilab method [15] in the form employed by the Fermilab Lattice and MILC Collaborations [16, 17] . A similar procedure has been recently used to study charmonium, heavy-light meson resonances and their scattering with pion and kaon [18] [19] [20] . In the Fermilab method's simplest application one sets the Clover coefficients c E and c B to the tadpole-improved value 1/u 3 0 , where u 0 is the average link. We follow the approach used in Ref. [18] to estimate the u 0 as the fourth root of the average plaquette and determine the charm-quark hopping parameter κ c nonperturbatively by tuning the spin-averaged static masses of charmonium and heavy-light mesons to their experimental results.
We make our simulations with the lowest allowed lattice momentum transfer q = 2π/(N s a), where N s is the spatial dimension of the lattice and a is the lattice spacing. This corresponds to three-momentum squared value of q 2 = 0.183 GeV 2 . In order to increase statistics, we insert all possible momentum components, namely (|q x |, |q y |, |q z |) = (−1, 0, 0), (0, −1, 0), (0, 0, −1), (1, 0, 0), (0, 1, 0), (0, 0, 1). We also consider vector-current and spin projections along all spatial directions and take into account all Lorentz components of the Rarita-Schwinger field. We employ a wall-source/sink method [8] , which enables us to simultaneously extract all the components of the correlators given in Eqs. (15) (16) (17) , eliminating the need for extra inversions. However, since wall smearing is not a gauge-invariant smearing method, gauge fixing becomes a necessity. We choose to work with Coulomb gauged configurations, which lead to a better groundstate saturation.
In order to improve the ground-state coupling, nonwall smeared source and sink are smeared in a gaugeinvariant manner using a Gaussian form. In the case of s quark, we choose the smearing parameters so as to give a root-mean-square radius of r l ∼ 0.5 fm. We have measured the size of the charm quark charge radius to be small compared to the light and strange quarks, both in mesons [8] and baryons [9, 10] . Therefore, we adjust the smearing parameters to obtain r c = r l /3.
The source-sink time separation is fixed to 1.09 fm (t 2 = 12a), which has been shown to be sufficient to avoid excited state contaminations for electromagnetic form factors [10] . Using translational symmetry, we have employed multiple source-sink pairs by shifting them 12 lattice units in the temporal direction. All statistical errors are estimated by a single-elimination jackknife analysis. We calculate the connected diagrams only and consider the point-split lattice current
which is conserved by Wilson fermions.
III. RESULTS AND DISCUSSION

A. Baryon masses
The masses of the Ω, Ω
cc and Ω ccc baryons are extracted from the shell-source/point-sink lattice twopoint function given in Eq.(7) by a simultaneous fit to all spatial Lorentz components. We show the effective mass plots for the spin-3/2 baryons in Fig 1. Results are given in Table II along with a comparison to the masses reported by PDG and other lattice collaborations.
We identify the lower end, t min , of the fit regions [t min , t max ] by searching for a time slice where a plateau forms in the effective mass plots. The upper end, t max , extends up to time slices where the signal starts to deteriorate. We note that shifting t min to larger time slices gives lower mass values that are closer to those of other lattice groups or the experimental ones. However, the effective mass plots are known to exhibit a fluctuation after a plateau is formed [21] and shifting the fit region would introduce a bias to the determination of the masses.
As compared to the experimentally available results there is a discrepancy of around 100 MeV in the case of Ω and Ω ( * ) c masses. Note that the differences may arise from our choice of the strange and charm quark hopping parameters. In order to avoid the partial-quenching effects we have chosen κ s to be the same as that of the sea quark. On the other hand, our Ω mass is in good agreement with the mass reported by the PACS-CS Collaboration [14] . A retuning of κ s so as to obtain the physical K mass would be desirable for precision calculations. However we expect such a retuning to have a minimal effect on the conclusions of this work. In Ref. [9] , by re-tuning κ c mildly, we have indeed confirmed that a variation of baryon masses around ±100 MeV has minimal effect on the form factors. We have found that such a tuning changes the charge radii by less than 2%.
The mass of the Ω ccc as obtained in our simulations agrees with those from other lattice simulations [13, [22] [23] [24] with different actions. This can be taken as a good indicator for the aptness of the charm-quark action we employ. 
B. Form Factor correlation functions
In our simulations we evaluate each quark sector separately and normalise to unit charge contributions. The baryon properties are then estimated by combining the quark contributions with their weights from respective quark numbers and electric charges as, where O is the observable, N q is the number quarks inside the baryon having flavor q and e q is the electric charge of the quark.
We have extracted the spin-3/2 baryon multipole form factor values by searching for plateau regions of the ratio given in Eq. (14) . The correlation-function ratios for the E0, M 1 and E2 form factors are depicted in Figs. [2] [3] [4] . Fit values for the form factors at the lowest allowed three-momentum transfer (q 2 =0.183 GeV 2 ) are given in Table III . Note that E0 form factor reduces to the electric charge of the baryon as usual and the other form factors cannot be directly obtained at zero momentum transfer due to their definitions in Eqs. (16)- (18) .
C. Charge radii
Electric charge radius of the baryons are obtained by calculating the slope of the E0 form factor at zeromomentum transfer:
In the case of the proton, the low-Q 2 experimental data is well-described by the dipole form Ansatz
where Λ is the dipole mass. We assume that such Ansatz also holds for the baryons we study here. Since we perform our simulations with a single value of the finite momentum transfer, a dipole fit of the form factor to a momentum region is not possible. We can, however, extract the charge radii using the expression
which can be readily derived by inserting Eq. (26) into Eq. (25) . Our numerical values for the electric charge radii are given in Table IV . Note that the quark sector contributions are for individual quarks of unit electric charge.
We observe that the s-quark contribution to the electric charge radii is almost independent of the quark-flavor composition of the baryon. The charge radii of both spin-1/2 and spin-3/2 baryons agree within one standard deviation, which can be seen more clearly in Fig. 5 . In the case of c-quark contributions illustrated in Fig. 6 , the charge radii in all baryons are similar. Although the contribution of individual c-quark seems to increase slightly as the number of c-quark increases in the composition of the baryon, this change remains negligibly small.
In Fig. 7 we show the ratios of individual quark-flavor contributions in the spin-1/2 to that in the spin-3/2 sector. We observe that for the singly-charmed Ω c baryon, s-and c-quark charge distributions are insensitive to the spin-flip of the c-quark whereas in the case of the doublycharmed Ω cc baryon the contributions of s-and c-quark to the charge radii increase.
We combine the individual quark contributions according to Eq. (24) and list the numerical results in Table IV . We find the electric charge radius of the Ω baryon to be r
2 in quite good agreement with the previous lattice determinations [5, 7] . A comparison of baryon charge radii is made in Fig. 8 . In magnitude, Ω baryon has the largest electric charge radius among all baryons we study. Spin-1/2 (spin-3/2) Ω c (Ω * c ) and Ω ccc seem to have similar charge radii while the Ω cc (Ω * cc ) baryon has almost a vanishing charge radius.
Based on the similarity of the quark contributions to the charge radii one can naively assume that the quark sector contributions to the charge radii to be similar for all spin-3/2 baryons that we consider so that, r
c . Using Eq. (24) we can derive a rela- [4, 7] for the charm sector and t1 = [6, 9] for the strange sector.
tion between the electric charge radii of the spin-3/2 baryons as, r (8) , as obtained from such an estimation and the computed charge radius of Ω * cc , r 2 E Ω * cc = −0.012 (6) , this relation seems to hold nicely. This implies that the individual quark contributions for each flavor to charge radii are similar for all baryons we consider here and their radii differ due to different quark compositions they have. It may be instructive to compare the contributions of the strange quark to the electric charge radii in the case of Ω * c (ssc), Ω * cc (scc) and Ξ * (ssu), Σ * (suu) baryons. The latter have been calculated in Ref. [5] . Such a comparison would provide a better understanding as to how the charge radii are affected when the light quark is exchanged by a charm quark. A comparison of s-quark electric charge radii in Ω * c -Ξ * in Table V reveals doubly represented light quarks are changed to c-quarks. While the current precision does not allow a clear conclusion, such a comparison again suggests an increase in the charge radius.
Findings for the electric charge radii
• Strange quark charge radii are insensitive to the baryon quark-flavor composition.
• Charm-quark charge radii increase as the number of charm quarks increases in the composition of the baryon.
• For singly charmed baryons, s-and c-quark charge radii are not affected by the spin-flip whereas the charge radii of doubly charmed baryons increase. 
D. Magnetic moments
Magnetic moments of the baryons are related to the Q 2 = 0 value of the magnetic form factor M 1. We evaluate the magnetic dipole moment in units of nuclear magnetons,
where m N is the physical nucleon mass and m B is the baryon mass as obtained on the lattice. In order to make contact with the value of the magnetic form factor at zero momentum transfer, G M 1 (0), we apply the procedure in Ref. [26] and assume that the momentum-transfer dependence of the multipole form factors is the same as the momentum dependence of the respective baryon's charge form factor. For instance, the scaling of G M 1 is given by
where we consider the scaling of s and c quark sectors separately since each sector has a different scaling property. G M 1 (0) is then constructed via Eq.(24).
Our numerical values for the magnetic moments are listed in Table VI , which are also illustrated in Figs. 9 and 10. We find for spin-1/2 baryons that the contribution of a single quark to the magnetic moment significantly increases when it is doubly represented. The doublyrepresented quarks make a spin-1 combination according to the Pauli principle and thus the dominant component is aligned with the total spin of the baryon, which leads to such an enhanced contribution compared to the antialigned singly-represented sector. A sign change is evident due to the spin flip in case of the Ω c and Ω cc baryons. The s-quark contributions in the spin-3/2 sector have a slight tendency to decrease as the number of s-quarks decreases. In contrast to this, the c-quark contributions tend to decrease as the number of c-quarks increases. A comparison of the light sector to the heavy sector may reveal the differences between the systems having the same spin but different composition of quark flavors. For instance, we may compare the s-quark magnetic moment in the charmed baryons to that in the light decuplet baryons, namely the Ω * c (ssc) and Ξ * (ssu) baryons or the Ω * cc (scc) and Σ * (suu) baryons. Such a comparison would help us to understand the effects of changing a light quark by a charm quark. Magnetic moments of light decuplet baryons have been calculated in Ref. [5] with quenched lattice QCD. In Table VII , we quote the results obtained with the smallest pion mass, m π = 300 MeV. As the work in Ref. [5] was done on quenched lattices at a much heavier pion mass, a quantitative comparison is not much useful. However, a qualitative comparison can be made as follows: The s-quark contributions to the magnetic moments of the charmed and light decuplet baryons are different. The charmed baryons have smaller magnetic moments than the light baryons.
Similarly to the electric charge radii in Sec. III C, the effect of the quark spin configurations on the quark magnetic moments can be further studied by considering the ratios of the quark-sector contributions to spin-1/2 and spin-3/2 baryons. The numerical values are given in Table VIII together with the octet-decuplet ratios extracted from Refs. [2, 5] . The ratios are also illustrated in Fig. 11 . It is clearly seen that both the individual s-quark and cquark contributions are enhanced in the case of spin-3/2 baryons. The s-quark magnetic moment ratio in the case of doubly strange baryons, S Ω / c Ω * c , and the c-quark magnetic moment ratio in doubly charmed baryons, C Ω / cc Ω * cc , are consistent with each other. Such a behaviour is also observed in the case of the singly strange and the singly charmed baryon ratios, suggesting that the difference between the spin-1/2 and the spin-3/2 baryons is almost independent of the quark flavour.
We can further extend the comparison to octet and decuplet sector by including the Σ, Ξ, Σ * and Ξ * baryons' strange sector magnetic moments extracted in Refs. [2, 5] . For the ease of discussion we compile the numerical values (18) 0.245 (10) in Table VIII . It is seen that the s-quark contributions are similar for the doubly strange baryons S Ωc/Ω * c and S Ξ/Ξ * . However in the case of singly-strange baryons, for instance comparing the S Ωcc/Ω * cc ratio to S Σ/Σ * ratio, we observe that the increase in the s-quark contribution (as the baryon spin changes from 1/2 to 3/2) is larger when the s-quark is accompanied by a uu component rather than a cc component. Interestingly, if we make a similar comparison for the singly represented quarks in C Ωc/Ω * c and S Σ/Σ * , it is seen that the increase in single quarks contribution to the magnetic moment is less sensitive to the accompanying quarks flavor. We calculate the total magnetic moments by combin-ing the quark sectors via Eq. (24) . The numerical values are given in the third column of Table VI and an illustrative comparison is made in Fig. 12 . We find the magnetic moment of the Ω − baryon to be µ Ω − = −1.533 ± 0.055 µ N , which is smaller in magnitude than the experimental value, µ exp Ω − = −2.02 ± 0.05 µ N [25] . Magnetic moments are sensitive to the mass of the baryon. One of the reasons for this discrepancy can arise from the difference between our m Ω = 1.790 (17) and the experimental value, m Ω = 1.673 (29) , which is around 7%. Compared to the other lattice determinations that use the three-point function method, our value is slightly smaller (in magnitude) than the quenched result, µ Ω − = −1.697 ± 0.065 µ N , of Boinepalli et.al [5] and agrees with the Alexandrou et.al's extrapolated value, µ Ω − = −1.875 ± 0.399 µ N [7] within one sigma error. In Ref. [27] magnetic moment of Ω has determined to be µ Ω − = −1.93 ± 0.08, by a background field method on m π = 366 MeV lattices.
Magnetic moments of Ω c and Ω * c are very close to each other suggesting that the spin flip of the charm quark has a small effect, as one would expect from a heavy-quark spin symmetry perspective. Based on a quark-model interpretation one would expect the magnetic moment of Ω c (Ω cc ) to be similar in magnitude to that of Ω * c (Ω * cc )'s. While in the case of Ω c our finding is consistent with such an expectation, the magnetic moments of Ω cc and Ω * cc differ drastically, the latter having a completely vanishing magnetic moment. The difference between the Ω c and Ω * c is that the c-quark is anti-aligned with the ss component in Ω c whereas it is aligned in Ω * c . Combined with their electric charges, quark sectors add constructively for Ω c and destructively for Ω * c . These two different behaviours occur in such a balanced way that the magnetic moments of the Ω c and Ω * c end up to be similar. In case of the doubly-charmed Ω cc and Ω * cc however, the interplay between the electric charges and the number of quarks breaks the balance and lead to magnetic moments for Ω cc and Ω * cc that differ significantly.
Findings for the magnetic moments
• Quark sector contributions amongst the spin-3/2 baryons are similar to each other, consonant with the quark-model expectations.
• Magnetic moments of the strange and charm quarks in spin-3/2 charmed baryons are larger than spin-1/2 baryons having a similar quarkflavor composition.
• Magnetic moment of the Ω − baryon is found to be, µ Ω − = −1.533 ± 0.055 µ N .
• Ω c , Ω * c have similar magnetic moments in magnitude. • Magnetic moment of the Ω * cc vanishes unlike the Ω cc .
• As compared to the light decuplet sector, strangequark contributions to the magnetic moments of spin-3/2 charmed baryons are smaller.
E. Electric-quadrupole form factors
The electric-quadrupole form factors of spin-3/2 baryons provide information about the deviation of the baryon shape from spherical symmetry. In the Breit frame, the quadrupole form factor and the electric charge distribution are related as [28] ,
where 3z 2 − r is the standard operator used for quadrupole moments. A positively charged baryon has a prolate (oblate) charge distribution when quadrupole form factor is positive (negative).
As in the case of the E0 and M 1 form factors, we estimate the E2 form factor by the plateau approach. We compute and extract the s-and c-quark sector contributions individually. E2 form factors in lattice units are shown in Fig. 4 and the numerical values, in units of e/M 2 B , are given in Table IX . Unfortunately, low signal/noise ratio does not allow us to conclude about Ω and Ω * c baryons. In the case of the heavier Ω * cc and Ω ccc baryons, however, the statistical precision is conclusive and it is possible to make a prediction about their shapes. Ω * + cc and Ω ++ ccc have negative E2 moments thus their charge distributions deform to an oblate shape. 1. It is known that the Clover action has O(am q ) discretisation errors and therefore the simulations may suffer from uncontrolled systematic errors when this action is employed for heavy quarks such as the charm quark. In Ref. [9] we estimated the effect of the discretisation errors arising from valence Clover charm quarks in a doubly-heavy Ξ cc system to be small. Since we employ a similar action and formalism in the current work, we expect the discretisation errors to be small. However it is useful to check the significance of such systematic errors once again with the current data set.
We have repeated our simulations with parameter κ c = 0.1256 which leads to a decrease in the spin-3/2 charmed baryon masses by approximately 3% MeV from those in Table II . Nevertheless such a change in the charm-quark hopping parameter affects the E0 and M 1 form factors by less than 1% and ∼ 3%, respectively. This change is propagated to the electric charge radii and magnetic moments as a change by less than 3%. As an illustrative case, we quote the results for Ω * c and Ω ccc baryons. We find r 2. The set of gauge configurations we have used in this work has an m π L = 2.3 value below the empirical bound of 4, for which the finite volume effects are considered to be significant. In order to quantify the finite-volume effects, one should repeat the computation on lattices with different spatial extent while keeping the m π constant. Since this approach is currently beyond our computational ability, we resort to changing the m π while keeping the spatial extent constant. Rather than a thorough check, this approach is suitable to inspect the severity of the finite-size effects. We compare our Ω c and Ω cc results obtained on κ u,d = 0.13781 lattices to the ones we have calculated previously on κ u,d = 0.13770 and 0.13754 lattices [10] for which m π L = 4.3 and m π L = 6 respectively. Numerical results are given in Table X and shown in Fig. 13 for a clear comparison. Agreement within error bars suggests that the finite size effects are not severe for the charmed baryons although the m π L = 2.3 is well below the empirical value. 3. In order to extract the charge radii and magnetic moments of the spin-3/2 baryons, we use only two sets of momentum values, namely [Q 2 = 0, Q 2 = 1], and employ Eqs. (27) and (29) . A more frequently used, alternative approach is to perform a full formfactor fit on higher Euclidean momentum region. 4. Another source of systematic error is due to different fit strategies. One can either perform fits to the data sets of individual quark sectors and then combine the fit results via Eq. (24) to construct the baryon properties or, first, the data sets of the quark sectors can be combined to perform a fit to extract the baryon properties directly. In principle both methods should lead to the same result, however a difference may arise due to statistical fluctuations. Such fluctuations cancel when data sets which are correlated with each other are combined, leading to a better estimated value especially if the value is close to zero like in the case of the r 2 E Ωcc . When possible we choose to follow this strategy to perform our fits, e.g. spin-1/2 values quoted in Tables IV and VI. One caveat is that, in the case when the electric charge of the baryon is zero, combining data sets naturally leads to a zero electric charge radius. In such cases (e.g. r 2 E Ωc ) we do not extract the observable from a combined data set. One can check whether two approaches agree with each other by comparing for example µ Ωc = −0.688 (31) µ N from Table. VI (fit to combination of quark sectors) with µ Ωc = −0.714(35) µ N as obtained via Eq. (24) (fit to individual quark sectors). For the spin-3/2 sector, since we do not have more than two Q 2 values, a form factor fit is not possible. Then we combine the fits to the data sets of individual quark sectors by using Eq. (24).
5. When computing the matrix elements, one must optimize the temporal separation of the source and sink so as to minimize the excited-state contamination but also to obtain a good signal with minimum amount of statistics. For the electromagnetic form factors it has been shown that a separation of around 1 fm is sufficient [7, 10, 29, 30] . One of the strategies to extract less contaminated values is the so-called summed operator insertions (SOI) method [31] . In the usual plateau method a generic ratio has the form,
where the R G is the ground state value of the ratio and the first excited state contributions are suppressed proportional to t 1 and (t 2 − t 1 ). ∆ and ∆ are the energy gap between the ground and first excited state of the source and sink baryons respectively. In the SOI method, one sums the ratio in t 1 up to t 2 so that it assumes the form,
where the c(∆, ∆ ) is a constant. First excited-state contributions are now suppressed by t 2 , which is larger than t 1 or (t 2 − t 1 ). It is possible to calculate the ratio with different source-sink separations and extract the ground state value R G from the slope of a linear function in t 2 . Heavy-quark spin symmetry suggests that as the mass of the quarks increase, the energy gap between the ground and excited states of the baryons decrease. In Fig. 14 we show the E0 form factors of Ω * cc and Ω ccc baryons, for which we expect the excited state contamination to be the severest. A comparison between the electric charge radius values extracted by plateau and SOI methods are given in Table XII . Agreement between the results suggests that the excited-state contamination is under control for t = 1.09 fm separation.
IV. SUMMARY
We have calculated the electromagnetic form factors of the Ω, Ω three-momentum value (q 2 = 0.183 GeV 2 ) on the lattices we use, and extracted their electric charge radii, magnetic moments and quadrupole moments. Based on the method outlined in our previous work [10] , we have computed the electromagnetic form factors of the Ω c and Ω cc baryons also and extracted the electric charge radii and magnetic moments. For each observable we have identified the quark sector contributions as well as the baryon properties.
We find that the electric charge radii of the strange sector is insensitive to the composition of the baryon, whereas the charm sector shows a slight dependence to the number of the charm quarks that compose the baryon. Spin flip has a significant effect on the doublyrepresented quark sectors so that the charge radii of the doubly-represented strange and charm quarks increase when the spin of the singly-represented quark is flipped.
In case of the magnetic moments, quark-sector behaviours change drastically between the spin-1/2 and spin-3/2 charmed baryons such that the quark-sector contributions to the magnetic moments of spin-3/2 baryons get enhanced. Magnetic moments of Ω c and Ω * c baryons are found to be similar indicating a negligible spin-flip effect by the singly-represented charm quark. Ω * cc baryon has a vanishing magnetic moment unlike the spin-1/2 Ω cc baryon. Strange-quark contributions to the magnetic moments decrease within the charmed baryons compared to the decuplet sector.
Finally, we have been able to achieve a statistically significant data for the quadrupole moments of the Ω * cc
and Ω ccc baryons to conclude that their electric charge distributions deform to oblate shape.
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